The simultaneous vertical-cavity and random lasing emission properties of a blue-emitting molecular crystal are investigated. The 1,1,4,4-tetraphenyl-1,3-butadiene samples, grown by physical vapour transport, feature room-temperature stimulated emission peaked at about 430 nm.
Introduction
Crystalline organic materials have the potential to enhance the characteristics of photonic devices thanks to their improved electronic and optical properties [1] [2] [3] and exciton-photon coupling phenomena. Recent examples are the observation of room temperature strong exciton-photon coupling [4] , polariton lasing [5] and superradiance from large coherence volumes [6] in organic semiconductor single crystals. Furthermore, the molecular packing in crystalline phases results in anisotropic optical and electronic properties, in turn determining anisotropic charge mobility [7] and light emission and propagation [8, 9] . These features are deserving increasing interest in the framework of solid-state lasers [10] [11] [12] . Following the observation of amplified spontaneous emission (ASE) in -octithiophene [13] , different molecular crystals have been found to exhibit optical gain in the visible range, with typical excitation fluences of the order of few hundreds of J cm -2 . Line-narrowing by stimulated resonance Raman scattering has been reported [14, 15] , as well as multimode laser oscillations [16] [17] [18] .
Most of optically-gaining molecular crystals show ASE and lasing predominantly from the crystal edges, due to self-waveguiding of the fluorescence which favours light amplification along the crystal slab. However, this feature, besides preventing the future development of vertical-cavity lasers [5, 19] and of hybrid architectures exploiting light-emitting diodes for pumping [20] , may hinder fundamental photonic phenomena, including Fabry-Pérot feedback provided by the reflective crystal facets and its eventual interplay with so-called random lasing, which is due to scattered light amplified by stimulated emission [21] [22] [23] . Indeed, molecular crystals can be unique systems for investigating lasing effects in the weak-scattering regime [24] , where both scattered [15, 25] and Fabry-Pérot feedback can co-exist because of the relatively lower refractive index compared to inorganics [26, 27] . In this Letter, we report on the lasing emission of a surface-emitting molecular crystal, where both Fabry-Pérot and scattered feedback are present, as well as the onset of random lasing. Indeed, the analysis of the lasing spectra by micro-photoluminescence (-PL) evidences the 
Experimental Methods and Materials

Crystal growth
Single crystals of 1,1,4,4-tetraphenyl-1,3-butadiene (TPB) were grown by the physical vapor transport method [28] in a three-zone furnace by placing TPB powder in a glass crucible at the end of a 75 cm long and 25 mm wide glass tube. The powder was heated at 175°C, whereas the temperature at the middle and the opposite end was 170°C and 135°C, respectively. The nitrogen flux was 50 mL/min. Single crystal of the  monoclinic phase were selected under the polarizing transmission optical microscope and by atomic force microscopy analysis, as discussed elsewhere [29] .
The morphology of the crystalline TPB with thicknesses in the range 5-10 m (measured by a stylus profilometer, Dektak 6M) was investigated by atomic force microscopy (AFM), with a
Multimode system equipped with a Nanoscope IIIa electronic controller (Veeco Instruments). The surface topography of samples was imaged in Tapping mode, by using Si cantilevers with a resonance frequency of 250 kHz. Fluorescence micrographs were collected by either a stereomicroscope (Leica) or an inverted microscope (Nikon). In both systems samples were excited by a UV Hg lamp and the emission was imaged by a charge coupled device (CCD) camera. 
Results and Discussion
We study here the -polymorph of TPB, which, due to the peculiar arrangement of molecules in the unit cell ( Figure 1a -b), exhibits ASE mainly from the top and bottom exposed crystal surfaces [30] . Therefore these surfaces can constitute the end-mirrors of built-in Fabry-Pérot cavities, allowing nanopatterning and deposition processes to be avoided and gain and emission properties to be consequently fully preserved. The crystallographic and morphological details of -TPB are reported and discussed in Ref. [29] . (Fig. 1f) . Hence a light mean free path l s >0.3 mm can be estimated taking into account the scattering cross section for a twodimensional system,  (10 -7 -10 -6 cm in organic materials [31] ). Moreover, in the transmission spectrum of our crystals (Fig. S1 of the Supporting Information) we do not find evidence of narrow peaks, as observed in other systems and attributed to localized, long-lived modes [32] .
In Figure 2a , we show the PL spectra taken from the bc exposed face upon pulsed UV excitation. The arrangement of the molecule transition dipole moments in the unit cell favours emission mainly out of the crystallographic bc plane. The room temperature spontaneous emission is peaked at about 430 nm, corresponding to the (0-1) replica of a vibronic progression, the (0-0)
one being visible as a weak shoulder in the high energy tail of the emission spectrum, due to reabsorption of the emitted light. The time evolution of the emission is shown in the inset of Fig. 2a .
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The decay is almost mono-exponential with a characteristic lifetime  PL =0.95 ns, which corresponds to a radiative decay rate of about 0.3 ns -1 taking into account the emission efficiency [30] .
Moreover, under intense pulsed optical pumping with a normally-incident laser beam, the crystals show ASE from its top surface and spectral line narrowing (Fig. 2a) with typical threshold excitation fluences of few hundreds of J cm -2 . Such line narrowing is strongly sensitive to the polarization of the incident pumping laser. In the investigated pumping fluence range (0.1-1.7 mJ cm -2 ), the spectral line narrowing can be observed only for polarization of the pumping beam parallel to the axis of maximum absorption (c) for normally-incident light (Fig. 2a) . In fact, these crystals feature a quite high stimulated emission cross-section (10 -15 cm 2 ) [30] , allowing for the observation of spectral line narrowing even for short gain path length (of the order of the crystal thickness in our experiments). In our range of excitation fluences, the gain length, l g , inversely proportional to the optical gain, is in the range 5-10 m, i.e. much shorter than the light mean free path, l s . The weak and long-range disorder in TPB is therefore expected to favour lasing, by trapping stimulated emission [33] . Moreover, the here investigated configuration is substantially different from typical ASE experiments, where samples are excited along a stripe and emission is collected from an edge, thus being assisted by self-waveguiding [13, [16] [17] [18] .
By exciting selected areas of the TPB crystals with a focused laser beam, narrow peaks with linewidth<0.3 nm (limited by the instrumental resolution) can be observed at room temperature.
These peaks are also observed in emission spectra averaged over many laser shots (about 100 in Fig. 2b ). In order to better understand the underlying mechanisms, we performed a systematic investigation of the emission by means of a -PL system, allowing specific crystal areas (P1, P2, P3
and P4 in Fig. 2c ) to be selectively excited with 100 m spatial resolution (Fig. 2c) . The results of this study are shown in Fig. 3 , where the emission spectra collected by exciting the various regions are analysed as a function of the incident pumping fluence. In all the investigated areas, the number of emission peaks increases by increasing the excitation intensity ( Fig. 3a-d) . A well-defined threshold is found, for the occurrence of the narrow emission peaks, in the range 500-800 J cm -2 .
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A linear increase of the emission intensity is observed below threshold, well matching the crystal spontaneous emission trend (open squares in Fig. 3e-h ), whereas a change of the slope of the inputoutput characteristics is observed above threshold as typical of lasing emission.
Overall, two mechanisms can be at the origin of the observed laser peaks, the first being related to resonant feedback due to the Fabry-Pérot cavity formed by the top and bottom reflecting interfaces, whereas the second can be associated to feedback provided by scattering from the morphological features shown in Fig. 1e-f . To discriminate among the two mechanisms and assessing their possible interplay, we carry out a Fourier analysis of the emission spectra [24] . For Fabry-Pérot cavities, the FT of the emission spectrum is characterized by the presence of discrete peaks at positions of the conjugated variable, d, [34] :
, where m is an integer and n the refractive index of the active material (n=1.80.1), whereas a more complex series of peaks is typically observed in random lasers [24, 33] . Figure 3i -l shows the FT of the averaged emission spectra, evidencing the presence of a complex pattern in most of the investigated areas which suggests predominant random lasing with characteristic cavity lengths in the range 10-20 m. These findings support the "random cavities" model as a mechanism explaining the origin of the observed random lasing, similarly to amorphous conjugated polymer films [33, 35] . Interestingly, in the region P2, the FT of the spectra collected at pumping fluences slightly above threshold features
well-defined resonances spaced by about 5 m, providing a cavity length roughly matching the local crystal thickness. In fact, the corresponding emission spectrum ( . This is in agreement with the collected spectra, where both Fabry-Pérot and random modes are present even at the lowest excitation densities above threshold (Fig.s 3d, h and S2b).
Finally, in Fig. 4 the temporal evolution of averaged emission spectra are analysed. Here it is worth noting that the intensity fluctuations of the different emission peaks are in part correlated.
For instance, by looking at the intensity fluctuations of the peaks located at =426.7 nm and =428.2 (Fig. 4b) , an anti-correlation can be appreciated since a maximum in the temporal evolution of the intensity of one mode often corresponds to a minimum of the other one. This is quantified by calculating the statistical correlation coefficient between the modes, defined as: 9 an experimental evidence of the dynamics and coupling of lasing modes in the random gain medium.
Conclusion
In summary, we studied the emission features of a TPB molecular crystal upon pulsed optical pumping, revealing various aspects of multiple lasing mechanisms in organics. First, investigating spatially-selected sample regions allows to find evidence of multimode lasing.
Second, the most of emission has the typical features of a random laser, associated to the scattering of the crystal morphological defects. Both built-in Fabry-Pérot modes and random lasing modes can simultaneously occur, with vertical Fabry-Pérot modes being dominant at low pumping fluences (500-700 J cm -2 ), whereas random lasing is dominant at higher fluences. Third, the various modes are anticorrelated due to the competition for available gain. These results pave the way for the realization of solid-state lasers exploiting various amplification routes, and particularly random lasing, based on organic crystals. These do not require the integration of micro-or external cavities, the feedback for multiple lasing being provided by the material structure. 
